A trinucleotide repeat (CAG) expansion in the huntingtin gene causes Huntington's disease (HD). In brain tissue from HD heterozygotea with adult onset and more clinically severe juvenile onset, where the largest expansions occur, a mutant protein of equivalent intensity to wild-type huntingtin was detected in cortical synaptosomes, indicating that a mutant species is synthesized and transported with the normal protein to nerve endings. The increased size of mutant huntingtin relative to the wild type was highly correlated with CAG repeat expansion, thereby linking an altered electrophoretic mobility of the mutant protein to its abnormal function. Mutant huntingtin appeared in gray and white matter with no difference in expression in affected regions. The mutant protein was broader than the wild type and in 6 of 11 juvenile cases resolved as a complex of bands, consistent with evidence at the DNA level for somatic mosaicism. Thus, HD pathogenesis results from a gain of function by an aberrant protein that is widely expressed in brain and is harmful only to some neurons.
Introduction
Huntington's disease (HD) is an autosomal dominant disorder that causes progressive impairment of cognitive and motor functions, significant forebrain atrophy, and severe loss of neurons, particularly in the striatum. The disease leads to incapacitation and premature death (Dunlap, 1927; Vonsattel et al., 1985; Folstein, 1989; Young, 1994) . Patients with adult onset HD manifest clinical signs by the age of 40, run a clinical course of 15-20 years, and exhibit choreiform movements; rigidity is more characteristic of the rarer HD phenotype of children, which has a shorter course of 7-10 years.
HD belongs to a growing number of inherited disorders in which the mutation is a trinucleotide repeat expansion (Bates and Lehrach, 1994; Willems, 1994) . In HD, a CAG repeat at the 5' end of the coding region of IT15 expands from the normal 6-34 repeats to 38 or more repeats (The Huntington's Disease Collaborative Research Group, 1993) . in adult onset HD, the CAG repeat number is generally in the range of 40-50; in juvenile onset HD, however, the repeat number is larger, sometimes exceeding 100. As with other CAG repeat disorders, triplet repeat expansion in HD has been inversely correlated with age of onset and rate of progression Duyao et al., 1993; Snell et al., 1993; Stine et al., 1993) . Studies have reported an invariable CAG repeat lengths in the brain and other organ tissues and between different brain regions within the same individual Zuhlke et al., 1993) . One group, however, has identified somatic heterogeneity in the CAG repeat length in the HD brain, with the greatest variation occurring in affected brain regions (cortex and striatum) of juvenile cases (Telenius et al., 1994) . A widespread heterogeneity of the CAG repeat in brain has been described recently for other triplet repeat disorders (Chong et al., 1995; Ueno et al., 1995) , but no correlation to selective brain pathology has been found.
Immunocytochemical and biochemical evidence shows a widespread distribution of huntingtin, the protein encoded by IT15, and a localization in neuronal cell bodies, fibers, and nerve endings in the normal human brain (DiFigila et al., 1995; Sharp et al., 1995; Trottier et al., 1995) . The consequences of the CAG expansion on huntingtin expression in the HD brain, however, are not clear. Despite the demonstration of both a normal and an expanded protein in HD lymphoblasts (Trottier et al., 1995) , a mutant protein predicted by the CAG expansion has not been clearly detected in the brain, raising questions about its existence or stability. HD heterozygotes express the mRNA for the normal and HD alleles in brain (Stine et al., 1995) . This indicates that the potential for protein expression exists. Clearly central to understanding the pathogenesis of HD are whether the expanded HD allele leads to an altered protein product in the brain, and whether such a protein distributes preferentially in affected brain regions. Moreover, since a greater expansion of the CAG repeat is associated with a more severe form (early onset) of the illness, it is important to compare the pattern of huntingtin protein expression in children versus adults with HD. Finally, the influence of somatic heterogeneity in CAG repeat length on huntingtin protein expression needs to be explored for its potential role in selective brain pathology.
The goal of this study, therefore, was to determine whether a mutant protein product is expressed in the HD brain and whether its regional distribution or biochemical features can be correlated with genetic, clinical, and neu-ropathological features of the disease. Our findings show that, in HD heterozygotes, CAG expansion leads to the widespread expression of an altered protein product of increased size throughout the brain. The difference in mobility of mutant huntingtin relative to the wild-type protein correlates with CAG repeat expansion. Furthermore, the mutant protein migrates more broadly than the wild-type protein and in most juvenile cases consists of a complex of bands suggestive of somatic heterogenity in the CAG repeat expansion. The findings support a gain of function as the genetic basis for the disease and strengthen the idea that the pathogenesis of HD is due to the selective vulnerabiltyof some neurons to the presence of the mutant protein and its aberrant actions.
Results

Detection of Mutant Huntingtin in HD-Affected Cases: Relationship to CAG Repeat Length
To determine whether an altered form of huntingtin was expressed in the HD brain and how expression was affected by the extent of CAG expansion, we examined huntingtin in synaptosomal preparations of frontal cortex from 22 HD brains (11 adult onset and 11 juvenile onset) and 8 control brains (unaffected; Table 1 ). Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes, which were probed with antisera directed against the N-terminus (amino acids 1-17; Ab 1) of huntingtin and an internal protein sequence (amino acids 585-745; Ab 585) downstream from the polyglutamine region. As previously reported (DiFiglia et al., 1995) , immunoreactive huntingtin is detected with these antisera at approximately its predicted MW (estimated size is 348 kDa) in synaptosomes from human control cortex. The native protein is also present in heterozygous HD brain of adult and juvenile onset cases (Figure 1) . A mutant protein of comparable intensity to the wild type was also seen in the HD brains. The mutant species was distinguishable as a separate protein band in all HD cases except patient A11, who had the smallest expanded allele tested (40 CAG repeats) and a difference from the normal allele of only 15 CAGs. In this case, the mutant protein appeared as a fuzzy upward extension of the wild-type band. The mutant protein was also seen in an HD patient who was presymptomatic at the time of death (Figure 1 , case A4) and showed evidence of grade 1 pathology (minimal neuronal loss in the striatum) on postmortem examination. Adult onset cases with identical estimates of CAG repeat expansion showed different de cjrees of separation of the normal and mutant proteins on the immunoblot. The space between the two bands was invariable when immunoblots were repeated, suggesting that the relationship in electrophoretic mobility between the normal and mutant species was an inherent property of the proteins.
The slower migratory mutant band occurred at various positions above the wild-type protein up to an apparent MW range of 450 kDa for upper alleles with the largest number of CAG repeats. Thus, the increase in apparent Control (C1-C9), adult (A1-#.11 ), and juvenile (J 1.-J11) HD cases examined in this study. Age indicated is at the time of death. The pathological grade is provided where it was available and is based on the grading system of Vonsattel et al. (1985) . A grade of 1 means that there is minimal cell loss in the striatum, and a grade of 4 indicates severe atrophy, neuronal loss in the striatum, and involvement of other brain regions. CAG repeats for the normal and expanded alleles are given for the cortex with a few exceptions in the juvenile cases, where only cerebellar tissue was available. NA, not available. a Based on estimate from Southern blot.
size of mutant huntingtin exceeded the actual increase in MW of 2-10 kDa predicted by the expanded polyglutamine region. Computer-assisted image analysis showed that for all HD cases the distance of the peak separation between mutant and wild-type huntingtin protein was highly correlated (r = 0.84, p < .0001 ; Pearson correlation coefficient) with the difference in the number of CAG repeats between the normal and mutant alleles (Figure 2 ). The adult onset HD group alone also exhibited a significant positive correlation (r = 0.63, p < .03). The results were similar for the two anti-huntingtin antisera (Ab 1 and Ab 585) used in the analysis.
Widespread Expression of Mutant Huntingtin in the Brain
One possible explanation for the region-specific degeneration in HD is that the mutant protein is expressed only in affected brain regions such as the striatum and cortex. Therefore, we compared huntingtin expression in a variety of cortical and subcortical gray and white matter regions in a control case, an adult HD case, and a juvenile HD case (case J11). Detection of native huntingtin in the control case ( Figure 3A ) showed a similar signal throughout all gray matter areas examined. Similarly, in the HD-affected brain ( Figure 3B ), mutant huntingtin was detected along with the wild-type protein in all areas of gray matter in both the juvenile ( Figure 3B ) and adult onset (data not shown) patients. In addition to its widespread expression in gray matter, a relatively strong signal for huntingtin was detected in some regions of white matter, particularly the subcortical white matter, the centrum semi-ovale, and the corpus callosum in both the normal and HD brain. In general, forebrain regions produced stronger expression of mutant huntingtin than hindbrain areas in the HD brain. The HD cerebellum consistently exhibited a weaker signal in both wild-type and mutant protein expression than the cortex in a series of adult and juvenile HD cases where the two regions were compared ( Figures 4A and 5 ). Manipulation of protein concentration and the method of protein extraction (total extracts versus synaptosomes) did not account for the weaker signal in the cerebellum. Analysis of hematoxylin-and eosin-stained sections of the cortex and cerebellum available for 3 of the cases (J5, J7, and J10) showed that the density of neurons in the cerebellum was comparable to that of controls and was mildly to moderately reduced in regions of the cortex of these cases (data not shown).
Mutant Huntingtin Migrates as a Broad Band: Evidence for Somatic Mosaicism
The mutant protein migrated more broadly than the wild type. To compare the relative expression of the two protein products in each HD case, the normal and mutant proteins were quantified by measuring the absolute breadth (width) and the relative amount (integrated area of the density plot) of each band. Immunoblots showed that the signal of mutant huntingtin was significantly broader in size (width, p < .001, t test, paired comparisons) and greater in overall integrated area (integrated area, p < .001, t test, paired comparisons) than the corresponding wild-type huntingtin (Table 2 ). These differences were found with both antisera. The patterns of change in mutant and wildtype huntingtin were more pronounced in juvenile than in adult cases; this finding was especially robust with use of the N-terminal antisera (Ab 1 ; Table 2 ).
The broad band characteristic of mutant huntingtin was most striking in cortex and least apparent in the cerebel- The mutant protein appears as intense as the coexpressed normal protein but is more broadly distributed in the cortex, caudate, putamen, substantia nigra, and white matter regions. The panel is compiled from three immunoblots processed at the same time with similar exposures. Protein extractions, separations, and immunoblotting conditions were the same in the control and HD cases.
(C) Less exposed images of some of the same regions shown in (B). Note the presence of multiple bands in both more affected (caudate and putamen) and less affected (striate cortex and pons) areas. CBL, cerebellum; Cd, caudate; Cing, cingulate cortex; CSO, centrum semi-ovale; FC, frontal cortex; Forb, frontal orbital; GPI, lateral globus pallidus; GPm, medial globus pallidus; Inf Par, inferior parietal cortex; Put, putamen; SCC, splenium of the corpus callosum; SNC, substantia nigra, pars compacta; SNR, substantia nigra, pars reticulata; STCTX, striate cortex; TCTX, temporal cortex; WM, subcortical white matter. lum, particularly in the juvenile cases ( Figures 4A and 5) . A quantitative comparison of the cortex and cerebellum in a group of adult and juvenile cases confirmed that there was a larger ratio of the integrated area of the mutant to wild-type bands (area ratio) in the cortex than in the cerebellum in both the adult (p < .001, t test, paired comparisons) and juvenile (p < .001) cases (see Figure 4C ). Reducing the amount of protein analyzed in the cortical sample from 20 to 2 p_g did not alter the broadness of the mutant band (data not shown), indicating that the larger size was not dependent on the amount of protein loaded.
In the cortex of 6 of the 11 juvenile cases examined, we noticed that, at brief film exposures of the chemiluminescent reaction, mutant protein was resolved as two or three distinct bands. This heterogeneity in mutant huntingtin was seen in cases J11 (see Figure 3C ), J5 (see Figure  4B ), J2 (see Figure 5) , J8, and J10. In contrast to the cortex, the cerebellum exhibited multiple mutant bands in only 2 of the 11 juvenile HD patients, cases J1 (see Figure 4B) and J10. Of the 16 regions examined in case J l l , two distinct mutant bands were discernible in most brain areas, including all areas of the cortex, the subcortical white matter, the caudate, putamen, substantia nigra, and pons but not the cerebellum (see Figure 3C ). Thus, both affected (cortex and striatum) and unaffected (pons and cerebellum) brain regions in HD may exhibit heterogeneity in mutant huntingtin expression; the cerebellum is a region where the occurrence of multiple mutant species is very low.
To determine whether somatic mosaicism in CAG repeat length of the expanded HD allele (Telenius et al., 1994) accounted for the heterogeneity in mutant huntingtin, we selected 2 juvenile and 2 adult onset cases in which the mutant protein appeared broader in the cortex than in the cerebellum. The broad mutant protein in 1 of the juvenile cases (J5) showed three distinct bands, while that in the other case (J6) did not (see Figure 4A ). Consistent with previous findings (Telenius et al., 1994) , the cortex in both juvenile cases ( Figure 6 , case J5) exhibited a greater spread in the polymerase chain reaction (PCR) smear (25%-50% increased span) and a displacement upward of the estimated major allele band compared with the cerebellum (69 versus 62 in case J5 [see Figure 5 ]; 105 versus 95 in case J6). In the 2 adult onset cases, the range of bands was small and similar in both regions, with the major band being identical in the 2 brain regions (42 versus 42 in case A4; 43 versus 43 in case A2; data not shown). Thus, it appears, at least in the juvenile cases, that the increased size and heterogeneity (multiple bands) in mutant huntingtin can be explained by the presence at the DNA level of greater heterogeneity and larger repeat lengths of the HD allele in the cortex than in the cerebellum. The absence of a similar relationship in the adult cases between genomic DNA heterogeneity and mutant huntingtin expression may be due to limitations in the sensitivity of the PCR assay. Somatic mosaicism of CAG repeat length in adult onset HD brain is less obvious than in juvenile cases (Telenius et al., 1994) . Also, other tissuespecific factors involved with posttranslational processing may contribute to the broader spread of mutant huntingtin in the brain.
Assessment of Other Factors Possibly Contributing to the Broad Spread of Mutant Protein
To assess whether N-glycosylation or incomplete denaturation of mutant huntingtin contributed to its broader size, synaptosome extracts from the cortex and cerebellum of No c h a n g e in the broad b a n d characteristic of m u t a n t huntingtin w a s e v i d e n t with either t r e a t m e n t condition ( Figure 7 ).
Ubiquitin is an 8.5 k D a protein that c o n j u g a t e s to proteins u n d e r g o i n g proteolytic d e g r a d a t i o n (Carlson et al., 1987) . , 1993) , we investigated w h e t h e r the broad m u t a n t huntingtin b a n d seen in the juvenile HD cor- polyclonal anti-ubiquitin antibody. Similarly, when protein extracts of these same cases were incubated with antiubiquitin antisera and the immunoprecipitated proteins were immunoblotted with Ab 1, immunoreactive huntingtin was not observed. These results suggest that ubiquitin conjugates do not explain the broad band or complex of bands seen on immunoblots of the juvenile HD cortex.
Discussion
This study has shown that a mutant form of huntingtin is detectable throughout the HD brain and that its increased size in relation to the wild-type protein is highly correlated with CAG repeat expansion. These findings, together with previous evidence for the association of large repeat expansions with early onset and increased clinical severity in HD Duyao et al., 1993; Stine et al., 1993) , suggest that the progressive increase in the size of mutant huntingtin is associated with its abnormal function. Mutant huntingtin is not preferentially expressed in regions of known pathology, and thus other factors in conjunction with the presence of the altered protein must contribute to the vulnerability of affected neurons. The detection of mutant huntingtin in synaptosomes indicates that the altered protein is expressed and transported to axon endings at levels similar to those of wild-type protein throughout the brain. The wild-type and mutant huntingtin also exist in the white matter, an observation that has not been previously reported in the normal or HD brain. This localization may include axons and nonneuronal cells and could be important for understanding why there is marked atrophy of the cortical white matter as well as the gray matter in HD brain (De La Monte et al., 1988) . Why huntingtin expression in the cerebellum is harder to detect in the HD brain than in the normal brain is unclear. Our ability to see a robust signal for both mutant and wild-type huntingtin in HD brain compared with the detection of only the normal protein by Trottier et al. (1995) may be related to our use of a low bis-acrylamide for SDS-PAGE. During the review of this paper, another group (Ide at al., 1995) reported that the use of lower concentrations of bisacrylamide significantly improved the detection of an abnormal huntingtin product in HD lympoblasts and cerebral cortex. The expression in brain of a mutant ataxin protein in spinocerebellar ataxia type 1 (Servadio et al., 1995) has also been described. This finding, together with the observations in HD, suggests that the expression in brain of altered proteins from disease genes encoding expanded CAG repeats may be a shared feature of triplet repeat disorders. Our findings support the view that HD pathogenesis is due to a gain of function in which an aberrant action emerges from the presence of an altered protein in the brain. The mutant protein by our estimates is expressed comparably to the normal protein and is transported to axon endings, where it conceivably has access to the same intracellular targets as the normal huntingtin. In this context, HD may be viewed as a condition where the mutant protein competes with the normal species for intracel-lular targets. It is likely that the mutant huntingtin possesses at least some normal function. Recent evidence in mice with disrupted IT15 revealed that the embryo dies by day 8.5 (Nasir et al., 1995; Duyao et al., 1995) . If the mutant HD were completely dysfunctional, homozygous HD would be incompatible with life. This is not the case; HD homozygotes have a phenotype often indistinguishable from the heterozygous individual (Wexler et al., 1987) . Thus, it is likely that the mutant protein shares many of the normal function(s) of the wild-type protein and additionally has encumbered features that lead to aberrant interactions.
Our findings show that the slower mobility (increased size) of mutant huntingtin can be largely attributed to the presence of additional glutamines. Polyglutamine sequences are recognized to be potential sites of proteinprotein interactions, and the aberrant expansion of these regions, particularly as occurs in juvenile HD, may be conducive to the formation of deleterious protein complexes (Perutz et al., 1994) . The increased size of mutant huntingtin in brain appears to exceed the MW predicted by the addition of extra glutamines, suggesting that the expansion causes a conformational change in the mutant protein. Similar conclusions are suggested from the study of HD lymphoblasts and the in vitro expression of huntingtin with variable CAG repeat lengths in COS cells (Trottier et al., 1995) . Altered mobility suggestive of a conformational change has also been described for the mutant gene product in dentatorubral-pallidoluysian atrophy brain (Yazawa et al., 1995) . In our study, the difference in sensitivity of the two antisera to mutant huntingtin in the juvenile cases may have resulted from changes in epitope presentation brought about by structural changes in the mutant protein,
The broader spread of the mutant protein relative to the wild-type protein can be largely attributed to somatic heterogeneity in CAG repeat length, as first reported with genomic PCR analysis in HD (Telenius et al., 1994) , confirmed in this study, and also recently described for other triplet repeat disorders (Chong et al., 1995; Ueno et al., 1995) . The strongest support for somatic heterogeneity at the protein level was shown in the juvenile cases in which, under appropriate conditions, distinct bands could be resolved in the mutant protein. This finding provides clear evidence that somatic heterogeneity results in the translation of multiple mutant protein products. We predict that the characteristic of variable protein expression seen for mutant huntingtin in HD also exists for the expanded proteins encoded by other CAG repeat disease genes. Our findings that somatic mosaicism at the protein level is widespread throughout the brain, is evident in juvenile cases, and is least apparent in the cerebellum parallel previous observations at the genomic DNA level (Telenius et al., 1994) . We found no support for a causal relationship between somatic variability and HD pathology, since heterogeneity in mutant protein expression occurred in both affected and nonaffected brain areas. However, the more frequent and striking occurrence of mutant protein heterogeneity in forebrain areas that are more degenerated in HD may be significant in contributing to the severity and phenotypic expression of the disease. The cellular origin of the multiple mutant huntingtin protein products is unknown. Proliferating nonneu ronal cells are a likely source, particularly in affected areas where neurons are the most depleted. Further study is needed to determine the cellular origin of the variable mutant proteins and their possible regional contribution to pathological and functional changes in HD-affected individuals.
Experimental Procedures Tissue Procurement
Brain tissue was obtained from the Brain Tissue Resource Center (Belmont, MA), the University of Massachusetts, Department of Neuropathology, and the Massachusetts General Hospital Neuropharmacology Laboratory Brain Bank. All tissue was quickly frozen and stored at -70°C until further analysis. The time between death and brain dissection was variable but was always between 4 and 48 hr. The dissections of neocortex and cerebellar cortex were performed so as to exclude the underlying white matter as much as possible. Control tissue from donors without HD was handled identically. Most of the adult onset HD cases were evaluated for neuropathological status and assigned a grade according to the criteria of Vonsattel et al. (1985) . The majority of adult onset cases were grade 3.
Synaptosome Preparation
The protocol of Koenig (1974) was used. The brain tissue was slowly thawed on ice in homogenization buffer containing 0.32 M sucrose with 0.1 M phenylmethylsulfonyl fluoride (PMSF) and 2 mg/ml pepstatin A. After homogenization and centrifugation, the suspension was layered on a discontinuous sucrose gradient (layers 0.32 M, 0.8 M, 1.0 M, 1.2 M, and 1.4 M). The gradient was centrifuged at 65,000 × g for 2 hr. Synaptosomal fractions at the interfaces of 1.0 to 1.2 M were collected and stored at 70°C. P2 fractions were prepared as described by DiFiglia et al. (1995) .
Protein Separation and Western Blot Analysis
Protein fractions (fraction C; 10-20 pg per lane) were submitted to SDS-PAGE using a 10% acrylamide gel containing 0.05% bisacrylamide. The 200 kDa standard was allowed to run to the middle of the gel for all runs. Following transfer to nitrocellulose, blots were probed with Ab 1 (0.5 p.g/ml), which recognizes N-terminal amino acids 1-17 of huntingtin, or AD 585 (1:4000), which was raised to residues at positions 585-745 of huntingtin in a region -540 residues C-terminal to the polyglutamine domain. Most cases were evaluated with both antisera and probed on different blots at least twice. Immunoreactivity was detected using enhanced chemiluminescence (ECL, Amersham). Film autoradiograms were exposed from 2 s to 4 hr.
CAG Repeat Determination
CAG repeat length was analyzed by PCR and Southern blotting of genomic DNA extracted from brain tissue. PCR assays were performed using a procedure and primers described previously and resolved on denaturing polyacrylamide (sequencing) gels. In a few cases where amplification by PCR was not obtained, Southern blotting was used to estimate the length of CAG repeats. Pstl digests of genomic DNA were resolved by agarose gel electrophoresis and transferred to nitrocellulose filters. The filters were probed with a 366 bp genomic fragmenL which was prepared by PCR using primers labeled with 32p by random-primed synthesis.
Deglycosylation Assay
Synaptosome extracts (20 ~g) from the cortex and cerebellum of 2 juvenile onset cases were treated in 10% SDS, heated to 100°C for 2 min, and treated with incubation buffer (1 M sodium phosphate [pH 7.4], 30 mM EDTA, 0.5% Nonidet P40, 0.1% 2-mercapto-ethanol, 0.5 mM PMSF, 1 ~g/ml pepstatin A) alone or in the presence of N-glycosidase F (PNGase F, Boehringer Mannheim Biochemica) at 37°C overnight. Invertase was used as the control glycosylated protein.
Ubiquitination Protocol
Synaptosomal extracts (10 p.g) from HD brains were treated with antiubiquitin antibody (mouse monoclonal, 1 I~1, DAKO) in NET gel buffer (50 mM Tris [pH 7.5], 0.1% Nonidet P-40, 0.25% gelatin, 0.15 M NaCI, 0.02% sodium azide, 1 mM EDTA). The mixture (total volume of 100 I~1) was incubated overnight at 4°C on a rocker. Protein A Sepharose CL-4B (Sigma) was added, and the mixture was incubated for 1 hr at 4°C and then centrifuged at 10,000 x g for 1 min. After three washes in NET buffer, the Sepharose-protein complex was washed in Tris (pH 6.8) and placed into a new tube. SDS loading buffer and the mixture were boiled for 1.5 min prior to loading on a low bis, 10% SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose, and Western blot analysis was performed using Ab 1.
Image Analysis and Statistical Methods
Immunoblots were quantified using computer-assisted image analysis (M1, Imaging Research Inc., St. Catherines, Ontario). A standard density gradient and size calibration scale were set prior to measurement of the autoradiograms. After the images were scanned, a density distribution plot of the protein bands present in each lane was generated and displayed on the computer monitor. The following measurements were defined from the density plot: the location of maximal density of each protein band (peak location); the width (broadness) of each band; and the integrated area of each distribution (area). "Peak separation" was defined as the distance in millimeters between the peak location of two bands present in the same lane. When more than two bands were resolved in a lane, the two lowest bands were used to calculate peak separation. The ratio of the upper (mutant) band to the lower (wild-type) band was calculated using the width (width ratio) and area (area ratio) measurements obtained as described above. Statistical analysis included ANOVA, t tests for paired comparisons, and Pearson product-moment correlations.
